We obtained maps of the electric permittivity at ~19 GHz frequencies on non-planar thin film heterogeneous samples by means of combined atomic force-scanning microwave microscopy (AFM-SMM). We show that the electric permittivity maps can be obtained directly from the capacitance images acquired in contact mode, after removing the topographic cross-talk effects. This result demonstrates the possibility to identify the electric permittivity of different materials in a thin film sample irrespectively of their thickness by just direct imaging and processing. We show, in addition, that quantitative maps of the electric permittivity can be obtained with no need of any theoretical calculation or complex quantification procedure when the electric permittivity of one of the materials is known. To achieve these results the use of contact mode imaging is a key factor. For non-contact imaging modes the effects of the local sample thickness and of the imaging distance makes the interpretation of the capacitance images in terms of the electric permittivity properties of the materials much more complex. Present results represent a substantial contribution to the field of nanoscale microwave dielectric characterization of thin film materials with important implications for the characterization of novel 3D electronic devices and 3D nanomaterials.
Introduction
Near Field Scanning Microwave Microscopes (SMM) emerged in 1972 1 by the need to provide local maps of the electric permittivity properties of heterogeneous materials in a non-destructive way and with micrometric spatial resolution. Fundamentally, a microwave microscope consists of a near-field probe, which can be scanned over the sample, and which is connected to a microwave source/measurement system. When the probe is hold close or in contact to the surface of the sample, the sample perturbs the evanescent electromagnetic field. By consequence, the system becomes sensitive to the local complex impedance of the probesample system, and hence, to its local complex electric permittivity. Micrometric to deep sub-micrometric spatial resolution measurements can be obtained by engineering special measuring probes. First setups employed traditional microwave elements such as microstrips 2 , coaxial waveguides with tapered end 3 or waveguides with aperture 4 as probes. Lately, combined Atomic Force-Scanning Microwave Microscope systems (AFM-SMM) 5, 6, 7 were able to use AFM probes (conventional or engineered 8 ) as source of the evanescent field. The size of AFM probes can be easily manufactured down to tens of nanometres, enabling a high spatial lateral resolution (see Ref. 9 for a thorough review). Examples of application of the SMM includes the rapid, non-destructive and local detection of the electric permittivity in insulating materials, ferroelectric and new functional materials discovered by combinatorial synthesis, 10, 11, 12 which are employed in supercapacitors, batteries, non-volatile memories, diodes and photovoltaic cells. This type of SMM applications are expected to contribute also to the field of new nanomaterials for microwave applications (e.g. nano-composite absorbers). 13, 14 In addition, SMM has also been applied to the study of complex oxides, 15 graphene, 16, 17 carbon nanotubes, 18 doped semiconductors, 19 and superconductors. 20 Furthermore, SMM will contribute to the emerging field of high frequency nanoelectronic devices, where there is the demand of on-wafer measurement systems sensitive to the microwave electromagnetic properties of dielectric materials. 21 In spite of the large number of successful applications of the SMM, a main challenge still remains, namely, the difficulty in mapping the electric permittivity of heterogeneous samples exhibiting large height variations. Until now, most applications have dealt with either heterogeneous 2D planar samples 6, 12, 22, 23 or with homogeneous 3D samples, 24 but they have not addressed the general situation of 3D heterogeneous systems, yet. The emergence of the new 3D electron device technologies (e.g. 3D transistors FinFET 25 and 3D NAND memories 26 ) and of new 3D functional nanomaterials 27, 28, 29 is prompting for a resolution of the above mentioned challenge. 30 The major issue posed by non-planar heterogeneous systems is that the measured microwave signal shows contributions due to both changes in the sample topography and changes in the local electric permittivity properties, whose disentanglement is rather complex. 31 Here, we present a method to disentangle topographic and electric permittivity variations in the particular case of thin film heterogeneous samples with variable thickness. We show that maps of the electric permittivity of the different materials in the sample in the GHz frequency range can be obtained directly from capacitance images acquired with an AFM-SMM system by simple image processing. To achieve this, we show that contact mode intrinsic capacitance images, obtained from conventional AFM-SMM capacitance images by removal of the topographic cross-talk contributions, can be directly related to the local electric permittivity of the materials in the sample, with no effect of the thickness of the different materials. The use of contact mode imaging is key to achieve this result. Indeed, we show that for non-contact imaging modes, such as for instance intermittent contact mode or two pass modes, very often used with AFM-SMM systems, the relation between intrinsic capacitance images and electric permittivity is more complex and depends on the film thickness and imaging distance, thus making more difficult the derivation of electric permittivity maps.
Results
The problematics posed by non-planar heterogeneous thin film samples concerning the measurement of its local electric permittivity properties by means of an AFM-SMM system can be understood by considering a thin film sample consisting of micropatterned oxides of different thicknesses. Figure 1a shows a contact mode topographic image of one of such samples. It consists of Al2O3 square pillars (located to the left of the image by design) and of square SiO2 pillars (located on the right of the image), e-beam evaporated and micropatterned on a gold substrate (see Experimental section for microfabrication details). In this sample the pillars have thicknesses hAl2O3=104 nm and hSiO2=65 nm, respectively (see topographic crosssection profile in Fig. 1b) . Figure 1c shows a contact mode (calibrated) capacitance image of the sample obtained at ~19 GHz with an AFM-SMM set up (see Experimental section for a description of the set-up, and the SMM calibration procedure used to obtain the capacitance images). Capacitance approach curve on the bare substrate used, in combination with the topographic image in (a), to reconstruct the intrinsic capacitance image. Note that the curve has been shifted in order to set the capacitance variation at contact with the substrate to the same value obtained from the capacitance image, namely 0 aF. This curve is also used to calibrate the tip radius giving R=1173 nm, θ=10º and kstray= 0.124 aF/nm. The vertical dashed lines refer to the thicknesses of the two pillars in the sample. (g) Relative electric permittivity map, and (h) corresponding crosssection profile, obtained from the intrinsic capacitance image in (e) with the use of Eq. (6) and the calibrated tip radius. Scale bar of all images=3.8µm.
The contact mode capacitance image (Fig. 1c) shows a very similar contrast for the two pillars, just slightly larger for the Al2O3 pillar than for the SiO2 pillar, Please do not adjust margins
Please do not adjust margins compensated by the difference in their respective thicknesses. This problem does not appear if one considers the intrinsic capacitance image shown in Fig. 1e , in which topographic cross-talk effects have been removed (to construct the intrinsic capacitance image we used the capacitance approach curve shown in Fig. 1f and the topographic image in Fig. 1a , see Experimental section). The resulting intrinsic image (Fig. 1e) shows a clear higher contrast for the Al2O3 pillar ( The intrinsic contact mode capacitane images can be used to obtain almost directly quantitative maps of the electric permittivity of the materials. To do so, we use the analytical model proposed in Refs. 32,33 for the tip-sample capacitance on thin film samples (see further discussion on this point in the Discussion section). According to this model, the tip-sample capacitance in a thin film system can be expressed as a sum of apex, cone and stray contributions 32, 33, 24 :
where: 
Here, C0 is a constant value independent from z, z is the tip sample distance, R is the tip apex radius, θ is the cone half angle, H is the tip cone height and kstray is a phenomenological parameter accounting for the long range stray interaction of the cantilever and chip holder with the substrate. Moreover, h is the thin film thickness and εr its relative electric permittivity. From this model, the intrinsic capacitance contrast at a given position on the sample plane,
, can be expressed as:
‫ܥߜ‬ ௧ ሺ‫ݔ‬ Ԧሻ = ‫ܥ‬ሺℎሺ‫ݔ‬ Ԧሻ + ‫ݖ‬ ; ߝ ሺ‫ݔ‬ Ԧሻሻ − ‫ܥ‬ሺℎሺ‫ݔ‬ Ԧሻ + ‫ݖ‬ ; 1ሻ, [5] where ߝ ሺ‫ݔ‬ሻ is the local electric permittivity and h(x) the local thickness of the sample. Eq. (2), (3), (4) can be substituted into Eq.
(1) and this into Eq. (5). As a result the stray component cancels out.
Furthermore, under the conditions R>>h(x) (thin film), and zc=0 (contact mode imaging), one obtains a remarkable simple relation:
Equation (6) shows that the contact mode intrinsic capacitance image in a non-planar thin film sample is directly related to the local relative electric permittivity of the sample, with no dependence on the local sample thickness, h(x). This results confirms the experimental findings described above. According to Equation 6 , quantitative electric permittivity maps can be obtained directly from the intrinsic contact mode capacitance image by just inverting this equation, i.e., [7] where only the intrinsic capacitance and the tip radius R need to be known (the tip radius can be determined in situ, for instance, by using a capacitance approach curve measured on the metallic substrate as shown elsewhere ,24,34,35 ). In Fig. 1g we show the electric permittivity image obtained from the intrinsic capacitance image shown in Fig. 1e with the use of Eq. (7) and the calibrated tip radius. The images predict an electric permittivity for the Al3O2 pillar of εr,Al3O2=7.5±1 while for the SiO2 pillar they predict εr,SiO2=4.5±0.5 (the errors have been calculated from error propagation analysis of Eq. (7) The value obtained for the Al3O2 pillar is almost identical to the one obtained for the first sample analysed above. However, for the SiO2 pillar we obtained a somewhat larger value. We have verified thoughtfully the quantitative capabilities of the methodology proposed by analysing with it the electric permittivity properties of a micropatterned high quality thermal grown SiO2 sample on a highly doped silicon wafer. Results shown in Fig. 3 provide an electric permittivity value of εr,SiO2=4.1±0.3, in excellent agreement with the nominal value of SiO2. Therefore, we attribute the slightly larger value obtained for the SiO2 pillar in the sample of Fig. 2 to a poorer quality of this specific e-beam deposited SiO2 (which was deposited several weeks after the sample analyzed in Fig. 1 ). We remember that the dielectric properties of SiO2 are highly sensitive to the quality of the deposited material and to the presence of eventual contaminations, as it has been show earlier for SiO2 deposited by different methods, where in all cases, a larger electric permittivity was reported (Refs. [37] [38] [39] . This result, shows the high sensitivity of the methodology proposed to the actual dielectric properties of the materials.
We have then shown that contact mode SMM capacitance images do not reflect directly the electric permittivity properties of the materials in non-planar heterogeneous thin film samples. Instead, intrinsic capacitance images, obtained by removing the topographic cross-talk effects, provide direct information on the electric permittivity of the materials and allow deriving in a straightforward way electric permittivity maps of the sample, irrespectively of the thickness of the different materials.
We also note that in the case that the electric permittivity of one of the materials in the sample is known, then one can derive the electric permittivity values of the other materials without even knowing the geometry of the measuring tip. Indeed, from Eq. 6, it is immediate to show that the electric permittivity of two regions of a sample satisfies the relationship
which is solely dependent on the ratio of intrinsic capacitance contrasts and on the electric permittivity of the reference material. This result represents a crucial advantage in imaging heterogeneous thin film non-planar samples, since by only knowing the electric permittivity of one material, one can obtain an electric permittivity map directly from the the intrinsic capacitance image by just rescaling the image according to Eq. (8).
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Discussion
We have seen that contact mode intrinsic capacitance images obtained with an AFM-SMM system on non-planar thin film heterogeneous samples can be directly interpreted in terms of the electric permittivity of the materials, with no effects associated to the sample thickness. It is important to highlight that this statement holds true as long as the images are obtained in contact mode. To show it, we have obtained SMM capacitance images in intermittent contact mode and analyzed them following the same procedure described above. In Figs. 4a and 4c we show intermittent contact mode SMM capacitance images acquired at ~19 GHz on the sample of Fig. 2 (hAl2O3=130 nm and hSiO2=140 nm) at two different oscillation amplitudes, corresponding to mean tip-sample distances zc =30 nm and zc=90 nm, respectively. It can be observed from the capacitance images, and from the capacitance cross-section profiles shown in Therefore, while at short tip-sample distances the intrinsic intermittent contact capacitance images still may reflect to some extend the electric permittivity properties of the materials, at larger i.e., the intrinsic capacitance contrast in non-contact imaging modes, depends not just on the local electric permittivity of the sample, but also on its topography, h(x), and on the tip-sample distance at which the image is acquired, zc. As a consequence, the intrinsic capacitance image does not reflect directly the electric permittivity of the materials in all situations. To illustrate it, in Fig. 5a we plot the intrinsic non-contact capacitance contrast as a function of the imaging distance, zc, as predicted by Eq. (9) for the sample analyzed in Fig. 4 (thick green line SiO2: h1=140nm, ε1=6 and thick orange line Al2O3: h2=130 nm, ε2=8). The figure shows that for imaging distances larger than zc*=189 nm the order of the intrinsic capacitance contrast of the two pillars would become reversed in the intrinsic non-contact capacitance image (i.e. even if Note, also, that at the distance of the measurement reported in Fig.  4d , zc=90 nm, (dot-dashed dark blue vertical line in Fig. 5a ), the two pillars show an almost identical contrast, as we have obtained experimentally. Instead, at zc=30 nm (dot-dashed light blue line in Fig. 5a ) , the order of the contrasts is not reversed, also as found experimentaly (see Fig. 4b ). The imaging distance at which the contrast between two regions becomes reversed depends on the relative values of their thicknesses (and on their electric permittivity values). We show it explicitly in Fig. 5a , where we plot also the predictions of the intrinisic capacitance contrasts that would have been obtained for Al2O3 pillars of heights hAl2O3=50 nm (orange dashed line), 100 nm (dot-dashed orange line) and 160 nm (dotted line). For the lower pillars the intrinsic contrast reversal would occur already at shorter imaging distances (zc*=5 nm and 17 nm for the Al2O3 pilars of 50 nm and 100 nm thickness, respectively). Instead, for the taller pillar (hAl2O3=160 nm) it would not occurr at any imaging distance. The meaning of the contrast reversal is illustrated in Figs. 5b and 5c for the case of a sample with hAl2O3=100 nm. It can be shown that, in general, the contrast order reverses with respect to the electric permittivity values for imaging distances larger than a critical distance given by In Fig. 5a , the black circles represent preciselly the values predicted by Eq. (10). Finally, we highlight once more, that for contact measurements, zc=0 nm, (dot-dashed red line in Fig. 5a ) the contrast order is never reversed with respect to the corresponding electric permittivity values, as we have shown before.
We note that even if the extraction of quantitative electric permittivity images from non-contact capacitance images is less direct than for contact images, since it requires the knoweldge of the sample topography and of the tip-sample distance, in addition to the tip radius, it is still possible to obtain them if required (e.g. when dealing with biological samples), as we have shown recently, 24 and, also in the past, for low frequency capacitance measurements. 40 The results derived here are, in principle, valid as long as the analytical model in Eqs. (1)- (4) remains valid. We have discussed in Ref. 33 that the thin film analytical model is valid for thin planar films showing lateral dimensions larger, and thickness smaller, than the tip radius (typically it constitutes an excellent approximation for film thicknesses smaller than half the tip radius), what cover a broad range of situations. When these conditions are not met, then, even the contact mode intrinsic capacitance becomes dependent on both the lateral dimensions of the thin film and its thickness. We show it explicitly in Fig. 6 where we plot the contact intrinsic capacitance numerically calculated (see Experimental section for details) for the case of a sample with Al2O3 and SiO2 pillars of lateral dimensions smaller than the tip radius (here R=1000 nm). As it can be seen, for sample radii smaller than the tip radius there is a dependence of the contact intrinsic capacitance on the lateral dimensions of the thin film and on its thickness, which prevents using the simple relation in Eq. (6) . In this case, one has to resort to numerical simulations to extract and map the electric permittivity values of the sample. Instead, for larger sample diameters, the intrinsic capacitance becomes independent from the lateral dimensions of the thin film and from its thickness, and only depends on the electric permittivity (and tip radius), as shown before. In particular, the dimensions of the samples analyzed here fall within this latter range (vertical green lines), and hence these samples can be described by the analytical model, as we did above. Figure 6 . Numerically calculated intrinsic contact capacitance for dielectric discs of different thicknesses, h=20 nm, 50 nm, 100 nm and 200 nm, as a function of disc radius Rdisc and for two different electric permittivities, εr=4
and 9. The tip radius is R=1000 nm and the half cone angle is θ=10°. For
Rdisc>>R, the intrinsic contact capacitance does not depend anymore on the disc radius, therefore it be approximated by Eqs. (1)- (4). The vertical line represent the dimensions of the pillars in the samples analyzed in Fig. 1 and 2 (equivalent Rdisc =2820nm), which fall within the range of validity of the analytical model.
A direct consequence of what discussed above is that when a sample shows some heterogeneities (e.g. a multiphase dielectric thin film) with lateral dimensions smaller than the tip radius, the intrinsic contact capacitance is not longer local, i.e. the intrinsic contact capacitance of at a given position in the sample becomes dependent on the electric permittivity of the sourounding region. We illustrate it in Fig. 7 , where we show the intrinsic contact capacitance calcualted in the center of an heterogeneity in a multiphase thin dielectric film, consisting of two concentric discs of different thickness and different electric permittivities. When the lateral dimensions the heterogeneity are significatnly larger than the tip radius, the numerically calculated intrinsic contact capacitance as a function of the electric permittivity of the heterogeneity depends only on the electric permittivity of the heterogeneity, and it is not affected by the electric permittivity of the sourrounding region. In this case, the intrinsic contact capacitance is a local quantity and can be univocally related to the local electric permittivity of the sample according to Eq. (6), following the procedure developed in the present work. However, when the lateral dimensions of the heterogeneity is smaller than the tip radius, this is not longer the case, and the intrinsic contact capacitance becomes non-local, i.e., it depends also on the electric permittivity of the sourrounding region. In this case, the instrinsic contact capacitances at a given point in the sample is not univoquely related to the local electric permittivity of the sample. In this case, in order to map the electric permittivity of the thin film one has to resort, not only to numerical calculations, but
Please do not adjust margins also to complex inverse image reconstruction algorithms still not available, and hence lying outside the scope of the present work. Another situation of interest refers to the case of multistacked thin dielectric films. In this case it can be shown that, under the conditions of validity of Eq. (6) discussed above, the intrinsic contact capacitance is sensititive only to the effective electric permittivity of the whole multistacked thin film, εr,eff. By means of numerical calculations it can be shown that also for an AFM-SMM measuring system the effective electric permittivity is given by the well-known relationship (written here for a two stacked thin film) where h1 and h2, and εr,1 and εr,2, are the corresponding thin film thicknesses and electric permittivities of the two stacked thin films, respectively, and where hT=h1+h2 is the total thickness of the thin film. We show it explicitly in Fig. 8 , where we plot the effective permittivity of a two-stacked thin dielectric film numerically calculated for an AFM-SMM probe-thin film system (red symbols) as a function of the thickness of one of the stacked components for two total thicknesses of the film, hT=50 nm and 100 nm. The calculated results nicely agree with the analytical expression in Eq. (11) (black dashed lines). We note that when the conditions for the validity of Eq. (6) are not met, then Eq. (11) does not remain valid and the effective electric permittivity has to be re-calculated by means of numerical calculations. To end up, we would like to strees that the problematics of disantangling topographic from electric permittivity contributions in AFM-SMM capacitance images can not be solved by other approaches proposed to date, which involve the use of alternative imaging modes, such as constant height imaging, 41 the use of special tip configurations, such as shielded probes 6, 8 and open ended coaxial probes, 3 or the use of specific post-processing algorithms, such as time domain. 42 For instance, constant height imaging by definition contains no topographic cross-talk effects, since the probe-substrate distance is not varied. However, in non-planar samples it provides optimal signal to noise ratio only on the tallest parts of the sample, i.e. the ones closest to the tip, losing accuracy when thickness variations in the hundred of nanometer are present in the sample.
Shielded probes or open ended coaxial probes, on their side, limit the non-local interactions with the samples, i.e. the stray contributions, but not the interaction of the tip end with the substrate, which in the case of a thin film samples is still very relevant. Hence, their use do not eliminates topographic cross-talk effects. Finally, the approach proposed by Farina et al., 42 based in analysing the SMM response in time rather than in frequency, while allowing to cancel the stray, it doesn't solve the problem of the local signal changes due to the tip vertical movement, which still occurs between the tip apex and the sample. In this scope, our method represents a valid option to resolve these issues, which is even applicable with non-optimal conventional, and widely available, conductive AFM probes.
AFM system in which a conductive tip is connected to a microwave source/meter (a Keysight E8362B vector network analyser, VNA), through a transmission line and a matching impedance, Z0. While scanning the tip over the sample in conventional AFM imaging modes, the tip also acts as an emitting-receiving nanoantenna, irradiating a signal highly localized at the apex and at a frequency minimizing the reflections. Depending on the local impedance, part of the signal is reflected back travelling from the antenna to the VNA and recorded as a complex scattering parameter, S11. This signal is converted into capacitance variation and conductance variation using a low frequency electrostatic force curve, previously acquired, following the calibration methodology described elsewhere. 35 With this system, we acquired single point approach curves, contact mode images, and intermittent contact mode images at a frequency of ∼19 GHz and VNA IF bandwidth of ∼500 Hz (power = 3 dBm), with a resolution of 256x256 pixels. The calibration EFM force curves were acquired by applying a 3 V voltage at 2 kHz frequency and recording the second harmonic amplitude 2ω. Solid platinum 25Pt400B AFM tips from Rocky Mountains Nanotechnology (nominal spring constant of ∼18 N/m) were used. The noise level in the capacitance measurement is about 6aF. Note that the cross-section profiles shown in Figs. 1-4 correspond to the average obtained from 5 consecutive lines in the measured images. The tip apex radius of the tips, R, and the stray capacitance rate, kstray, are determined via least square fitting of an experimental single-point approach curves on the bare metal to the theoretical model in Eqs. (1)- (4), with h=0 nm (metal limit), as shown elsewhere. 32, 33 The rest of the geometrical parameters is kept fixed to their nominal values: cone height H=80 µm and cone half angle θ=10°.
Topographic cross-talk removal and intrinsic capacitance images. Intrinsic capacitance images have been obtained from the measured capacitance images by subtraction of the topographic cross-talk contribution, following the procedure recently presented elsewhere. 24 In a nutshell, a topographic cross-talk capacitance image is reconstructed by assigning at each pixel the capacitance given by a capacitance approach curve acquired on the metallic substrate at the height of the given pixel. Then, this image is subtracted from the measured capacitance image, to give rise to the intrinsic capacitance image. In order to use the same reference capacitance values in both the capacitance images and the capacitance approach curves, the latter are vertically shifted in order to set the capacitance variation at contact with the substrate in the approach curve to the same value obtained from the capacitance image.
Non-planar thin film sample fabrication. The samples consisting of SiO2/Al2O3 micropatterned thin film pillars on a gold coated silicon wafer were fabricated as follows. The gold layer was deposited on a silicon wafer by thermal evaporation, using 10 nm Cr as adhesion layer. After photolithography (AZ 1512 HS positive photoresist, Microchemicals) and development of the exposed resist (AZ 726 MIF developer, Microchemicals), about 65 nm (sample 1) and 140 nm (sample 2) of SiO2 (Umicore) were deposited by e-beam evaporation.
Subsequently, a lift-off process was performed in order to obtain the corresponding SiO2 square structures on the gold coated silicon wafer. Next, a second photolithography, development, e-beam deposition and lift-of process were performed in order to deposit the 104 nm (sample 1) and 130 nm (sample 2) layer of Al2O3 (Umicore), and micropattern them at about 5 microns apart from the SiO2 structures already present on the gold coated silicon wafer. Micropatterned thermal grown SiO2 samples on highly doped silicon wafers have been produced by AMO GmbH.
Numerical simulations.
To determine the effects of the lateral dimensions of the micropatterned oxides on the intrinsic capacitance values, we used a 2D axisymmetric model described thoroughly in a former work, where it was applied to study the finite-size effects of thin dielectric oxides on electrostatic force microscopy measurements. 33 In the present context, instead of capacitance gradient, we calculate the tip-sample capacitance by integration of the surface charge density on the tip. Since the sample is located within the near-field region of the probe, the microwave field distribution is found in a static approximation, i.e. by solving Poisson's equation. In the geometrical model, the tip is represented by a truncated come ending with a hemisphere. Since, the intrinsic capacitance image does not contain any stray contribution, it is possible to omit the geometrical parts representing the cantilever and other microscopic components responsible of long range interactions.
Conclusions
We presented a method that enables mapping the GHz electric permittivity properties of non-planar thin film heterogeneous samples from AFM-SMM capacitance images acquired in contact mode. We showed that by constructing an intrinsic capacitance image, in which topographic cross-talk contributions are subtracted, one can derive directly a local electric permittivity image of the sample with just knowledge of the tip radius, and no effect of the material thickness. In addition, we have shown that for samples containing a reference material with known electric permittivity properties, the derivation of the quantitative electric permittivity map can be obtained even without knowing any information regarding the tip geometry. In the derivation of these results, it is key the use of contact mode imaging. In the case of non-contact imaging modes (such as intermittent contact mode, constant height or two pass modes very often used in SMM measurements) the interpretation of the intrinsic capacitance images in terms of the materials electric permittivity is not direct, since they are still affected by the thickness of the sample. Present findings represent a crucial step towards a quick and straightforward quantification of the electric microwave properties of 3D heterogeneous samples, and we believe that they can facilitate the way to the still rather unexplored field of microwave electrical characterization of three-dimensional structures.
